Since the first reports by Delage (1887) and Loeb (1888) there have been many studies made on the behavior of animals in relation to the force of gravity. The conclusions have always been to the effect that gravity influences the animal in such a way as to compel movement either upwards or downwards. Interpretations of these reactions, however, have varied from time to time. Loeb (1897) laid the theoretical foundation for including this type of behavior among the tropisms by emphasizing the fact of unequal tensions on opposite symmetrical sides of an animal as leading to orientation, and perhaps also equal tensions resulting in locomotion, parallel to the lines of gravitational .force. The reaction was therefore called geotropism. In spite of a few inferences, such as those of Jensen (1892-93) and Harper (1911) to the effect that gravity responses are merely parts of another tropism, or that they are purely passive and mechanical acts, Loeb's general interpretation has been widely accepted. Gravity reactions are thus considered active processes involving the irritability of receptors, just as other tropisms and reflexes are.
hasnotbeenclearlyproved. Baunacke (1913 Baunacke ( , 1914 and Kanda (1916) believed that it is such a regulator in Gasteropoda. But since there are many animals not known to possess an otolith apparatus of any kind, but which regularly show geotropic orientation and locomotion, another interpretation which will include all animals may be desirable.
It has been suggested that the mechanism effecting equilibrium and geotropic orientation and locomotion may consist of the proprioreceptors in the muscles of the head, body, and appendages, appropriately connected through nerve centers with the same or with other muscles (Cole, 1917; Arey and Crozier, 1919; Crozier and Federighi, 1924-25, b) . Since, in general, muscles are arranged symmetrically on opposite sides of an animal (dorsal vs. ventral; right vs. left) they present an arrangement capable of regulating orientation and locomotion in accordance with the tropism doctrine for animals first formulated by Loeb. If the muscles on opposite sides are stimulated equally, the path of orientation and of locomotion will be straight. If, however, the muscles on one side are stimulated more than those on the opposite side, then the path of movement will be changed until stimulation is the same on both sides. Whether the nerve impulse arriving at such muscles originate through chemical or physical processes does not alter the nature of the situation. Light may decompose a photosensitive substance in the eye or skin, resulting in motor impulses passing to certain muscles. A phototropic reaction takes place. A deforming pressure on a tactile corpuscle or other analogous receptor may originate nerve impulses which travel to the same muscles resulting in a stereotropic reaction. Or the stretching of muscles may activate proprioreceptors in these muscles, causing nerve impulses to pass to the same or other muscles, whereupon a geotropic or perhaps some other kind of reaction will appear. There seems to be no violation of the principles of the tropism doctrine in making the assumption that the stimuli initiating geotropic reactions are proprioreceptively received by muscles, which may sometimes be the same ones concerned in the motor response.
Although Baunacke (1913 Baunacke ( , 1914 states that the otolith apparatus solely determines the negative geotropism in snails and slugs, his evidence from amputating that part of the head containing the otolith and its ganglion is not conclusive,--since this ganglion, or some other ganglion also removed by the operation, might be the coordinating center for additional impulses besides those coming from the otolith. The similar inference of Kanda (1916) , that the otolith apparatus is concerned with geotropism in snails, is without real substantiation. lie reports that marine snails show a higher percentage of geotropic reactions in air than they do in water, with the explanation that the buoyancy of the water on the shell renders the pull of gravity less effective. Whether the animal is in water or air, however, would make no difference in the position of the otolith in its sac. In the case of fresh-water snails, he agrees with Walter (1906) and with Dawson (1911) , who showed that negative geotropism appears only in those snails whose lungs are empty, while positive or indifferent reactions to gravity are seen in snails with air-filled lungs. Here also the position of the otolith would be unchanged. These observations seem to show that although the otolith may be of importance in determining the position of the snail's body, it is not the organ concerned with active creeping during geotropic reactions. If the muscle tension hypothesis is applied to these cases the behavior is more easily understood. The muscles of the marine snail in air are stretched more than those of a snail in water, producing a greater stimulus. This is also true of the fresh-water snail whose lungs are empty in water, as compared to the one whose lungs are full. As a consequence of the more intense stimulation, geotropic orientation and locomotion are more precise.
In some tropistic reactions the intensity of the stimulus, within limits, determines the magnitude of the reaction (Patten, 1914; Loeb and Northrop, 1917; Minnich, 1919; Hecht, 1919-20; 1922-23; 1923-24; Moore and Cole, 1920-21; Cole, 1922; 1922-23; Northrop and Loeb, 1922-23; Crozier and Cole, 1923; Hartline, 1923-24; Moore, 1923-24; Crozier and Federighi, 1924-25, a) . In view of this fact it might be expected that the amount of muscle tension would determine the accuracy of geotropic orientation, and even the rate of locomotion during a geotropic reaction. By varying the gravity component which tends to pull the animal towards the center of the earth, either through changing the inclination of the creeping surface or through putting added loads on the body, and by subjecting the animal to centrifugation, imposed bilateral and unilateral tensions, should give evidence for or against the muscle tension hypothesis. Davenport and Perkins (1897-98), Frandsen (1901-02) ~ and Kanda (1916) have already reported that the precision of orientation of Limax, marine and freshwater snails increases as the angle of inclination increases from 0 ° to 90 ° . For Helix the same result has been obtained; at 30 ° inclination locomotion is upwards, but with considerably less precision and regularity than at 90 ° . The other possibility is that the rate of locomotion might vary in some way as the angle of inclination varies.
Experiments have been carried out on the land snail, Helix aspersa
Miiller I for the purpose of testing this point in relation to the theory of geotropism.
II.
The snails 2 were kept in a large screen-covered box lined with coarse grass and moss to simulate their natural habitat. They were kept moist and were fed regularly every evening with all the fresh lettuce leaves they would eat. The remainder of the leaves were removed the next day, previous to feeding. The iUumination of the snails was diffuse and of low intensity. Under these conditions the animals remained normal for several weeks, some of them copulating and laying eggs. After 4 or 5 weeks, however, they became sluggish, and failed to show their normal behavior. The death rate remained very low even after 2 months, however, although the animals were quiescent for days at a time.
For the experiments only the active normal snails were used. When such snails are removed to a glass dish with vertical walls, they will creep about in many directions, following indefinite paths, until they reach the wall, which they ascend with regularity and precision. Only a few (less than 5 per cent) fail to show this negative geotropism. Having reached the top of the dish they will come to rest, either onthe vertical wall or on the under side of the horizontal cover. Downward movement occurs only towards evening when the a~roals begin ~The identification of the snails has kindly been confirmed by Mr. Bryant Walker.
The snails were collected at two different times in Los Angeles, California, and sent to Worcester, Massachusetts, by Dr. and Mrs. J. P. Nafe, to whom the writer expresses his gratitude. searching for food. It has been found that at night the snails are not regularly negative to gravity, but indifferent, contrary to the findings of Frandsen on Limax (1901-02) . It has also been observed that the snails creep upward on a wooden surface with almost as great regularity and precision as on glass. If confined in a deep wooden box with vertical walls, the animals will be found near the top during the daytime, indicating that it is gravity, and not the kind of creeping surface, which stimulates upward movement.
Preliminary experiments in which the snails crept on a glass plate inclined at different angles and exposed to room conditions gave confusing results, due to the great variability of behavior. Air currents, changing humidity, and light intensity are undoubtedly the stimuli which interfere with geotropism. When enclosed in a glass dish and illuminated only by diffuse light of very low intensity, the snails creep definitely upward with precision. The dish (325 × 230 × 30 ram.) was inclined at known angles inside of a large white cardboard box provided with two observation windows (30 × 100 ram.) capable of being closed. Horizontal lines 50 ram. apart were drawn with a diamond point on the dish. With three snails resting on the bottom, the dish was placed inside the box. The times at which the animals crossed the successive lines were taken with a stop-watch and recorded. The snails were then removed, the dish washed free of slime, and the same animals tested at a different angle. This procedure was followed for each of six angles, 15 ° , 30 ° , 45 ° , 60 ° , 75 ° , and 90 ° , with an appropriate period of rest after each trial. Besides allowing a rest period to avoid fatigue effects, the order of the angles used varied with each different group of three snails. Every animal was weighed and numbered, so that tests could be made on the same animal on different days, and so that any correlation between weight and behavior could be detected. The temperature inside the box varied from 22.5 to 25.0°C. during the days of the trials. During any one series of tests it remained practically constant.
Ill.
It soon became apparent that different individuals may give different rates of locomotion at the same inclination; but since the same animals were tested successively at the six angles, any such variations would affect the averages of the rates equally. The relative rates at the six angles were found to be nearly constant for all animals, so that the total distance travelled by all the snails at each angle was divided by the total time consumed by all the snails in traversing their respective distances at those angles, in order to calculate the average rate of locomotion at each angle of inclination. Taking the rate at 90 ° , expressed in rmn. per second, as unity, the ratios at the other angles were computed, and compared with the ratios of the gravity components, which are identical to the gravity components or sines of the angle of inclination of the creeping surface, using the 90 ° component as unity. The actual rates, gravity components, and the ratios are given in Table I . The data were derived from 87 different snails on each of which at least 2 trials were made at each angle. The ratios are plotted against the angles in Fig. 1 , where the curve is drawn through the gravity component ratios. The ratios of the average rates of upward locomotion of the snails are indicated by the crosses. It will be seen that the two sets of ratios for the four higher angles are nearly the same. At 15 ° the ratio of the rate is higher than that of the gravity component. This might be expected, since the snails show an average rate of horizontal locomotion which is only slightly lower than that on an inclined plane of 15 ° . Just why the rate at 30 ° is higher than the gravity component ratio at that angle is not clear. From these results it seems that the pull of gravity on the body of the snail serves as a stimulus for upward creeping at angles between 15 ° and 90 ° , and t h a t as the angle increases the intensity of the stimulus increases in the same proportion as the sine of the angle of inclination or as the gravity component increases. As a consequence of this increase in stimulus intensity, the rate of upward creeping is corre- Anflle o~ ° inclination
FIG. 1. The rate of upward creeping (negative geotropism) of
Helix is shown to be determined by the sine of the angle of inclination of the creeping surface to the hor~ontal. Circles in the figure represent the sines of the angles, and the crosses indicate the ratios of the average rates of locomotion using the rate at 90 ° inclination as unity. The values of the sines give the gravity component ratios. Data were obtained from 87 different animals on each of which at least 2 trials were made at each angle. Temperature 22.5 to 25.0°C. spondingly increased. This interpretation seems more plausible than t o assume t h a t the otolith regulates the rate.
I t needs to be d e a r l y stated t h a t individual variations in the rate of m o v e m e n t of these snails is common. For instance, a certain snail may creep on a horizontal surface for a few minutes at a higher rate than it did on a vertical surface. Or when placed at an inclination of 30 °, it may for a short time creep faster or slower than it did the day before. If, however, the snail is allowed to creep 200 or 300 ram. on any one surface, allowed to rest, and then tried over a like distance at a different angle, and averages taken of the rates, a regular difference will usually be found. In other words the distance travelled must not be too short, fatigue effects must be avoided, and the normal state of the animals maintained.
It was of interest to detect any relation between the weight of an animal and its rate of locomotion. For this purpose the snails were divided into 3 groups: small (2.5 to 3.5 gm.), medium (4.0 to 6.5 gin.) and large (7.0 to 8.0 gin.), and the average rates of locomotion for each group were calculated separately. It was found that the smaller animals showed a slightly higher rate at all angles except at 30 ° and at 90 ° , where the rates were practically the same as for the medium ones. The larger snails showed a lower rate at all angles, and the medium ones gave intermediate rates, except at 30 ° and 90 ° . Whether these figures are of any real significance remains in doubt since the frequency of the small and large snails was very low in comparison with that of medium ones. The differences in rate may be due merely to individual variations irrespective of weight, or to differences in efficiency of translation in the three groups.
IV.
Another way of testing the muscle tension hypothesis is to attach additional loads to the shell, a procedure analogous to that carried out by Crozier and Federighi (1924--25, b) , on Limax. Under such conditions the stimulation of the otolith apparatus should not be altered. If the rate of movement of a loaded animal at a certain angle is found to be greater than that of the unloaded animal at the same angle, then further evidence for the tension hypothesis would be obtained. Doubling the weight of the snails at an angle of 30 ° resulted in a rate of movement a little slower than the rate of unloaded snails. The path of locomotion was more irregular and less definite, which led to the suspicion that the load was too heavy. Snails loaded with one-half their weight were then tried at 45 ° , after having determined their rates, unloaded, at 45 ° . Calculation from the sine law shows an expected increase of 1.40 times. Actual trials on 12 snails showed an average increase in rate of 1.51 times. The same animals were then tried on a horizontal surface to determine if the added load would increase their rate. Allowing each of the 12 snails to creep a distance of 100 cm., unloaded, and then loaded with one-half their weight, showed that the loaded snails travelled only 0.02 ram. per second slower than when unloaded. It thus appears that the increased rate of locomotion of loaded snails at an inclination of 45 ° is brought about by the increased tension on the muscles of their bodies. Just how the otolith apparatus could control the rate in this case it is difficult to imagine.
V.
A third method of testing the tension hypothesis is to submit the snails to rotation on a horizontal surface. The centrifugal force thus generated would tend to pull the animals towards the circumference, and the path of oriented locomotion might be towards the center. 14 snails were rotated separately on a moist glass plate, covered to exclude air currents, at speeds somewhat lower than that necessary to generate a centrifugal force equivalent to gravity. Each one was started in four different positions, as follows: (1) radial, with head towards center; (2) radial, with head away from the center; (3) circumferential, with head towards right; and (4) circumferential, with head towards left. Care had to be taken to place the snails far enough away from the vertical wall of the cover to prevent the tentacles from touching. Such contact would always result in upward creeping in spite of the effects of rotation. In all of the 56 trials the snails regularly and without exception oriented their bodies and crept towards the center. Continued rotation of animals at the center for as long as 5 minutes resulted in no further creeping, although when in any other position the animals kept moving centripetally. These qualitative tests demonstrated that centrifugal force may act as a stimulus similar to gravity, as has been shown for other animals (Jensen, 1892-93; Davenport and Perkins, 1897-98; Cole, 1917, and others; see Loeb, 1913 and 1918 for further references).
VI.
A fourth test was applied by exerting backward pulls on the body of a snail creeping along a horizontal surface. This was tried qualitatively on several snails and gave regular results. If the shell of a snail which is creeping straight forward be pulled gently backward to the right or to the left, the snail turns its head in the opposite direction, a response analogous to the homostrophic reflex described by Moore (1922-23; Crozier and Moore, 1922-23) . If the pull be continued in the same direction, the snail will creep along a path parallel and opposite to that direction. This reaction, in which the otoliths would presumably be unaffected, tends to show that tension on the body muscles serves as a stimulus for orientation and locomotion.
SUM~ARY.
1. The snail Helix aspersa Mtiller, is negatively geotropic during the daytime, but positive or indifferent at night.
2. The precision of geotropic orientation is a function of the gravity component acting on the body.
3. The rate of geotropic locomotion is also determined by the gravity component (sine of the angle of inclination).
4. The rate of upward movement is increased 1.51 times at 45 ° inclination by loading the snail with one-half its weight. No such increase is seen in loaded snails creeping on a horizontal surface.
5. Moderate centrifugation results in orientation and locomotion towards the center of rotation.
6. A response analogous to the homostrophic reflex occurs when a backward pull to right or to left is exerted on the shell. Bilaterally equal tension applied to the shell causes locomotion along a path parallel and opposite to the direction of the pull.
7. All the observations go to show that the stimulus for geotropic orientation and locomotion is tension of the body muscles produced by the downward pull of gravity, and that the stimulus is received by the proprioreceptors of these muscles. Otolith apparatus and analogous organs, when present, may assist in the response, but they do not seem to be requisite in all cases. Since the precision of orientation and the rate of locomotion are functions of the gravity component acting
